Electromagnetic Field Effect and Analysis of Composite Structure by Hsieh, K-T. & Tzeng, J. T.
 Paper # 33 
 









ABSTRACT - The electromagnetic and thermal response of 
composites subjected to magnetic fields is simulated by solving 
Maxwell and heat transfer equations simultaneously.  The 
developed analysis accounts for the anisotropic nature of the 
electrical and thermal properties in three dimensions.   A finite 
element code is developed to predict the response of composite 
structures subjected to transient magnetic fields.  The analysis has 
been validated against a closed form solution and applied to 
simulate the induction heating process of composite cylinders.   The 
developed analysis can be applied to the design of modern electrical 
weapons and used to simulate composite manufacturing processes 




Carbon fiber reinforced composite will respond to an 
electromagnetic field resulting in a Joule heating in the structure 
[1,2].  The generated heat due to electrical induction may cause 
composite degradation.  There is further need to understand and 
quantify this heating process in the presence of high strength 
magnetic fields.  The induction heating process has also been 
successfully used for composite curing and manufacturing in 
Army’s applications.   The induction cure process is typically 
developed based on an empirical or trial and error approach.  The 
process is time consuming and not cost effective.  In additional, 
the optimal process cycle cannot be achieved by using such 
empirical methods.  
 
The Joule heating and heat transfer in the composite 
using induction curing processes are extremely anisotropic due 
to the carbon fiber orientation and distribution.   In addition, the 
strength and frequency of transient electromagnetic field have a 
great influence on the final quality of the composite.  This 
investigation seeks to develop a computational model and code 
that can simulate the heating process of a composite structure 
subjected to transient magnetic fields and simulate the cure 
kinetics due to induction curing during composite 
manufacturing.   A full set of three dimensional Maxwell 
equations has been solved using the finite element methods.  
Electromagnetic analysis is coupled with heat transfer and cure 
kinetics for modeling composite manufacturing.   The model 
accounts for three dimensional transient electromagnetic field 
and electrical conductivities and illustration of the numerical 
results are given in this paper.   
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Electromagnetic fields are governed by Maxwell’s 
equations that are basically wave equations.   For lower 
frequency applications, the wavelength of the magnetic field is 
much longer than the length scale of the systems of interest.   In 
this case, the displacement current can be neglected and the 
quasi-static approximation is used to describe the diffusion 
process in place of the wave equations.   The magnetic vector 
potential and electrical scalar potentials are often used to reduce 
the degree of freedom from six to four for numerical modeling 
efficiency. The Lagrangian form of magneto-quasistatic 
diffusion equations (1) and (2) in terms of these dual potentials is 
implemented in EMAP3D [3].   EMAP3D is a parallel coupled 
(electromagnetic, thermal, mechanical) physics code that is 
sponsored by the Army.   
 
Lagrangian Form of Magneto-Quasistatic Diffusion Equations
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The implementation of the potential formulation can be 
verified by a 2D problem: eddy current induction in a solid 
conducting cylinder with a transverse magnetic field that has 
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analytic solutions [4]. According to the induction law, the 
electromotive force (current) can be induced by either the 
relative motion between the conductors and magnetic fields (i.e. 
flux cutting) or time varying magnetic fields.  This paper will 
investigate the induced current by time varying (sinusoidal) 
magnetic field as depicted in figure 1.   
 
The governing equations for 2D problems can be 
described as in equations (3-5).  The predicted magnetic 
inductions are shown in figure 2. The comparison of the y-
components of calculated magnetic induction with the analytic 
solutions is shown in figure 3.  The results are identical and 
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Figure 1: The description of sample problem of a long 






















Figure 3: The comparison of calculated y-component of 
magnetic field with analytic solutions and they are identical. 
 
 
Heat Transfer in Composites  
 
Carbon fiber reinforced composite is conductive.  
Application of an electromagnetic field can result in a significant 
heating process depending upon the strength and frequency of a 
transient magnetic field.  This process has been recognized in the 
design and application of modern electromagnetic weapons.  The 
induction heating process can also be applied in composite 
manufacturing process as a heating mechanism.    
 
Heat transfer and conventional cure kinetics analysis in 
composite manufacturing has been studied by the author [5] and 
many researchers previously.   The induction heating mechanism 
can actually be applied in the composite curing process to 
replace conventional oven or autoclave heating.   In fact, the 
inductive heating cure process (IHCP) has been used in Army 
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applications because of its fast, uniform heating and controllable 
features. In the following analysis, the Joule heating due to 
induced electrical current is incorporated with heat transfer for 
modeling the composite curing process. The associated cure 
kinetics can also be included in the analysis. Thermal equation 
including curing kinetics is described in equations (5-6). 
 




Inductive heat rate 



























Exothermic heat rate due to curing reaction 
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This paper also investigated the induction heating 
process in composites in various aspects such as 3D effects, the 
effect of angular velocities, the effect of fiber orientation, and 
multi-cycle effects. A 3D model of a hollow conducting 
composite cylinder subjected to a sinusoidal magnetic field of 
0.5Tesla was constructed as shown in figure 4 to study these 
effects.  The dimensions of the cylinder are 0.1m diameter and 
0.05 m long.   The specific heat of the composite is 875 joules 
per cubic meter.  The electrical conductivities of composite are 
40,000 (ohm-m)-1 and 667 (ohm-m)-1 in the fiber and transverse 
(orthogonal to fiber) direction, respectively. Two fiber 
orientations (circumferential and axial directions) are considered. 
Tensor transformation is then applied according to the 
orientation of the fiber in the cylinder.  The magnetic field is 
applied in either axial or transverse direction in the following 
simulations.  
The effect of frequency of the magmatic field (a 
transient sinusoidal field) is illustrated by comparing induction 
heating of two angular frequencies of 377.0 rad/sec and 754.0 
rad/sec for the configuration of transverse magnetic field and 
axial fiber. Figure 5 shows that a higher angular velocity induced 
a higher current as expected.  The effects on temperature and 
current flow of angular velocity are shown in figure 6 and figure 
7, respectively. The peak temperatures are 329 ◦C and 357 ◦C, 
for low and high frequencies respectively. The temperature 
change is almost double for the high frequency case.        
 
The fiber orientation and layup of the composite 
cylinder has great influence on the induction heating process 
since the electrical conductivity of the composite is mainly 
determined by the carbon fiber.  The effect of fiber orientation 
on the heat generation and temperature rise in the composite 
cylinder is illustrated in the simulations with axial magnetic 
field. The fibers oriented in the axial and circumferential 
directions were simulated to study the effects of fiber orientation 
shown in Figure 8.  An exactly same magnitude of axial 
magnetic field is applied in both cases.  The induced current and 
temperature are higher for the circumferential oriented fiber as 
shown in Figure 8.  The induction coupling or heating process is 
significantly larger if the magnetic field is perpendicular to the 
fiber direction.    
 
For application of a transient cyclic magnetic field, the 
effect of cycling number on the heating process is also very 
significant.   Figure 9 and figure 10 shows the response of the 
current flow and temperature rise to the multiple cycles of 
magnetic field.  The peak temperatures at the outer surface of 
cylinder are 316 and 380 ◦C for one cycle and five cycles of 
application, respectively.  The temperature rise is almost 






An electromagnetic analysis is developed to account for the 
anisotropic induction process and electromagnetic properties of 
composite materials.  In addition, the electromagnetic analysis is 
extended to simulate the induction curing process.  In this paper, 
the electromagnetic analysis is solved using the finite element 
technique and is validated by comparison to a closed-form 
solution.  Case studies were performed to show the effect of the 
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magnetic field, fiber orientation and number of cycles on the 
heating process in a conducting composite cylinder. A cure 
kinetics is also formulated and integrated into the developed 
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Figure 4: 3D model of a conducting composite cylinder 




Figure 5: The effects of the angular velocity on the profiles of 










Figure 7: Temperature and current flow for the 754.0 rad/s 
 
 
     
 
 








Figure 9: Calculated induced current history under five cycles of 




       
 
 
Figure 10: Temperature and current flow for one cycle and five 
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